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ABSTRACT

Histograms of nearest neighbor spacings of fair weather cumulus at 15 locations over the world’s oceans are
presented based on the analysis of high resolution LANDSAT 3 Multispectral Scanner images for amounts of
cloud cover ranging from 0.6% to 37.6%. These histograms are found to be essentially the same at all locations
analysed, similarly to our previous findings on the size distributions and the fractal dimensions of the perimeters

for this cloud type.

The nearest neighbor spacings are linearly dependent on the effective cloud radii, with a proportionality
factor ranging from five to twenty. The histograms peak at about 0.5 km. Nearest-neighbor spacings smaller
than about a kilometer, associated with cumulus clouds with an effective radius less than a few hundred meters,
have a distribution of cloud centers that is almost independently distributed in the horizontal plane and show
a tendency for the formation of clumps. Larger spacings of up to thirty kilometers occur and are associated
with the larger clouds. These latter spacings are not independent.

1. Introduction

The present paper deals with several aspects of the
geometrical properties of the fair weather cumulus
cloud field. The reasons for investigating such topics
are several. First, this type of persistent convective cloud
covers a large fraction of the globe at any particular
time, especially in the low latitudes and in the midlat-
itudes in summer (e.g., Cahalan et al. 1982; Hahn et
al. 1984). Second, the proper treatment of shallow
moist convection and its ensuing cloudiness is impor-
tant in modeling the global climate (Betts and Miller
1986). However, modeling of shallow cumulus con-
vection and derivation of the cloud field organization
under various atmospheric conditions is an ongoing
and difficult problem and its parameterization for use
in simulations is rudimentary. Several studies have
been recently published in which attempts were made
to model various mechanisms responsible for deter-
mining cumulus cloud field geometry and its devel-
opment (e.g., Cho 1973; Fraedrich 1976, 1977;
VanDelden and Oerlemans 1982, 1984; Bretherton
1987a,b). Third, many studies have shown the im-
portance of cloud geometry in the radiative transfer of
energy through cloud fields (e.g., Paltridge 1974a,b);
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Stephens 1976; Davies 1978; Gube and Schmetz 1980;
Welch et al. 1980; Harshvardan and Thomas 1984;
Joseph 1985; Welch and Wielicki 1985; Joseph and
Kagan 1988; Cahalan 1989). Last, the experimentally
determined values of many remotely sensed atmo-
spheric and surface parameters must be appropriately
corrected for the effect of clouds before using them in
models and in prediction algorithms (Kaufman 1987).

Evidence of the inhomogenuous structure of even
stratus clouds is steadily accumulating (e.g., Baker and
Latham 1979; Derr and Gunter 1982; Cahalan and
Joseph 1989; Cahalan and Snider 1989). The geo-
metrical structure of cloud fields has been but infre-
quently studied with very high resolution in the past.
Some studies are based on airplane (e.g., Blackmer and
Serebreny 1962; Plank 1969; Hozumi et al. 1982)—
others on satellite data (e.g., Gifford and McKee 1977,
Lovejoy 1982; Wielicki and Welch 1986; Cahalan and
Joseph 1989). Plank’s study was the first detailed anal-
ysis of cumulus cloud fields obtained using aircraft and
involved visual examination of U-2 photographs over
the Florida area. Plank produced frequency distribu-
tions of equivalent cloud diameter [2V(area/n)],
minimum and maximum equivalent diameter, cloud
cover, cloud volume and aspect ratio—all as a function
of time of day. One important result of his analysis
was that the size distribution peaks at the smallest radii
in the image. A second is that the aspect ratio of non-
raining fair weather cumulus clouds in the Florida area
is approximately one from morning till about midaf-
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ternoon, independently of cloud cover or maximum
cloud areas, so that the observed area of a single such
cloud is representative also of its thickness.

Some results on the fractal properties of clouds rel-
evant to the present study were published in a previous
paper (Cahalan and Joseph 1989). The aspects per-
taining to cumulus clouds are summarized here, for
convenience.

First, the histogram of cloud sizes in terms of equiv-
alent radii [r, = (area/w)%°] is best fitted by a bimodal
power law, Kr~#. The average cross-over radius from
one mode or power to another, Fuea, is at about 0.5
+ 0.3 km. The values of the powers for cumulus clouds
are 2.8 = 0.3 for the small clouds and 3.7 + 1.2 for the
large ones. Second, two fractal dimensions of the pe-
rimeters are needed to describe the [log(perimeter),
log(area)] relationships—1.27 + 0.03—for the smaller
clouds and 1.55 + 0.06 for the larger ones of more
complex shape. The radius of transition from one frac-
tal dimension to the other is always very close to that
at which the break in the size distribution occurs. Third,
the smaller and smoother clouds have one center of
brightness; the clouds that are larger and of more com-
plex shape have at least two and usually more than
three. Fair weather cumulus clouds thus seem to fall
into two distinct classes, each presumably with its own
physical formation mechanism—‘small” and “large”
clouds. If, for example, the smaller, smoother ones with
the lower power of the size distribution and lower frac-
tal dimension are in fact formed in the boundary layer
by Gaussian fluctuations of a scalar field above a lifting
condensation level, the fractal dimension of the perim-
eters should be close to 4/3 (Lovejoy 1982; Mandelbrot
1984; Hentschel and Proccaccia 1984). The actual
value that we find for the fractal dimension of the
“small” clouds is close to that value as shown in our
previous paper. Second, let us recall that the aspect
ratio of nonraining FWC clouds is one (e.g., Plank
1969). The horizontal effective radius of the clouds is
therefore equal to one-half of their thickness. For the
“small clouds,” this thickness must be less than or
comparable to the depth of the boundary layer. The
depth of the boundary layer in which the small! clouds
form is therefore likely to be the natural upper bound
on their thickness or radius and thus might be respon-
sible for the breaks in the slopes of our experimental
histograms.

The larger clouds with the more complex shapes may
be formed by several different physical phenomena.
One may have random merging (e.g., Simpson et al.
1980), or clumping (Randall and Huffman 1980);
other mechanisms involve organization into planforms
due to either local phenomena related to shallow cu-
mulus convection (VanDelden and Oerlemans 1984;
Bretherton 1984, 1987a,b) or to nonlinear interactions
via gravity waves with the free atmosphere above the
boundary layer (Clark et al. 1986). From the above
the importance of the acquisition of more data, global
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in scope, on the organisation of cloud fields is obvious.
High resolution LANDSAT images are an almost ideal
means for this purpose. The aim of this study therefore
is to continue the description of the morphological
properties of cloud fields derived from high resolution
LANDSAT imagery begun in our previous paper, fo-
cusing now on the spacing of fair weather cumulus.
Both radiative and dynamic interactions between
clouds depend upon intercloud spacing. Consider an
evolving cloud moving in and with a cloud field. It will
be influenced in its development by the general me-
teorological conditions in the ambient atmosphere.
Second, it will experience the combined effects of all
other clouds, both past and present—due to radiative
interactions with other clouds, due to the spatial vari-
ability in the availability of water vapor associated with
the previous existence of clouds, and due to dynamic
organization of the intercloud distances, for example,
by the excitation of gravity waves (Clark et al. 1986).
These effects may be divided, for the present purposes,
into two parts for each individual cloud—an integrated
systematic effect due to the smoothed or average effect
of all clouds in the field and the effect of the clouds in
its immediate neighborhood. The first part will not
change much either from cloud to cloud or in time for
a given cloud under statistically homogenuous condi-
tions. The second part, on the other hand will differ
from cloud to cloud as well as change in time unless
the field is in a homogenuous steady state (e.g., Breth-
erton 1987a,b). Therefore, the number, locations and
sizes of close neighbors to a cloud will be different for
each cloud in the field and will also change in time for
each cloud. The simplest possible measure for the in-
teraction distance of two clouds is the average distance
between cloud centers. Clouds much closer to one an-
other than the average distance will interact more
strongly. In order to get an initial idea on the probability
of cloud-cloud interaction—or on the “lebensraum”
or living space of a cloud—we decided to derive the
nearest neighbor spacing histograms and associated
distributions. Alternative measures of cloud-cloud in-
teraction include: the up- and/or downdraft area of
each cloud if definable from the data, the area around
a cloud in which one finds less than a certain percentage
of the areas of neighboring clouds, and some separation
scale or correlation length if apparent in the image. All
these alternatives to the nearest neighbor spacing are
problematic in some way, either because of their rel-
evance or applicability to the problem or because of
the difficulty of their proper definition from the data.
The nearest neighbor spacing histogram, in addition,
is readily tested for the occurrence of independently
distributed random spacings (Chandrasekhar 1943)
which is one of the purposes of the present analysis.
The LANDSATS were chosen for this analysis be-
cause they are one of the few commercially available
sources of high resolution digital cloud data. They have
the advantage of a wider field of view than aircraft, so
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that results are representative of areas resolvable by
current general circulation models. However, at the
same time the practical resolution of the LANDSAT
data for cloud area, about four pixels (Cahalan and
Joseph 1989), approaches that of typical aircraft mea-
surements. This provides an important link between
the complex phenomena seen in real clouds on all size
scales and the low resolution, largely theoretical, pa-
rameterization of clouds in models of the atmosphere.
Thus, though the LANDSAT data are extremely vo-
luminous, even for a single scene, and are expensive
to analyze (see section 2), one is compensated by the
uniquely high resolution view of the horizontal struc-
ture of cloud fields. A disadvantage of the LANDSAT
data is that they are available only at one time—mid
morning about 0930 LST. Thus, in order to study vari-
ation in time of cloud properties, they need to be sup-
plemented by other similar remotely sensed informa-
tion.

In section 2 we describe the properties of the
LANDSAT 3 and of its Multispectral Scanner [MSS]
instrument as well as the various problems encountered
and methods used in analysing the imagery obtained
from it. In section 3 we present the distribution of
nearest neighbor spacings (henceforth n.n.s.). In section
4, we present the experimental relationship between
cloud effective radius and nearest neighbor spacing.
Finally, in section 5, we discuss and summarize our
results.

2. Analysis of LANDSAT MSS images

The MSS instrument on LANDSAT 3 has four
bands: the yellow band (MSS 4, 0.5-0.6 um), the red
band (MSS 5, 0.6-0.7 um), and two near-infrared
bands (MSS 6, 0.7-0.8 um and MSS 7, 0.8-1.1 um).
Each MSS scene has an area of 185 X 170 km?, with
the short axis oriented parallel to the satellite track.
The sun-synchronous near-polar orbit is at an altitude
of about 920 km with a nominal 0930 LST equatorial
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crossing time. The orbit repeat cycle is 18 days, so that
each area is directly underneath the satellite orbit only
once every 18 days.

Each pixel has a range of 0 to 63 in digital counts,
which in processing is converted to a linear range of
128 levels of brightness. The MSS gain on LANDSAT
is optimized for the observation of land surface prop-
erties, so that clouds are often saturated in brightness,
in particular for high gain images. The maximal pos-
sible radiance that can be measured corresponds to
that of a Lambertian grey reflector with an albedo of
50 percent for a solar zenith angle of 45 degrees. After
geometrical corrections, each pixel corresponds to an
area of 57 X 57 m? or 0.003249 km?, so that there are
close to ten million pixels per spectral band in each
image, or about forty megabytes per image.

The images are available to us digitally in the form
of one 6250 bpi tape per scene, including all spectral
bands, as well as in the form of black and white prints
of selected bands. After reading, copying and checking
the quality of the tapes, we identify from the black and
white prints the general location of the cloudy and clear
areas not to be analyzed because of either poor data
quality or unsuitable background. A list of the images
analyzed, their locations, coordinates and dates of ac-
quisition are given in Table 1. The cumulus cloud field
images used in this study are similar in general ap-
pearance and properties to those analyzed and shown
in previous publications (e.g., Wielicki and Welch
1986).

The data storage and analysis problems are formi-
dable. At ten megabytes per image and per band, the
analysis of two bands for each of the 15 images rep-
resents a total data volume of about 300 megabytes.
An additional 300 megabytes have been analyzed and
then could not be used due to insufficient cloud cover,
inhomogenuous backgrounds or low data quality.

One of the central problems in the current project
is the discrimination between clear and cloudy pixels.
The difficulties of determining an appropriate threshold

TABLE la. Image IDs, coordinates, locations and times of acquisition.

Case

Image ID Center coordinates Location Path-row Year/day
7013 22555-07291 N31°46' E34°11" Israel 188-038 76/212
7024 22072-15003 N23°04' W78°44' Bahamas 014-044 80/268
7025 22073-15055 N24°30' W79°47 Florida 015-043 80/269
7026 22056-15113 N24°30 W81°11 Florida 016-043 80/252
7028 22109-15054 N24°30' W79°47 Florida 015-043 80/305
7029 22127-15052 N24°28 W79°40' Florida 015-043 80/323
7030 30277-01144 N27°20' E129°7' Okinawa 78/341
7032 30346-21395 N15°50' W179°20 Marshalls 083-049 79/045
7033 30369-18510 S15°51" W142°21 Toamotus 052-071 79/068
7034 30364-11203 N14°24' W24°25’ Cape Verde 226-050 79/063
7035 30364-11201 N15°50' W24°24 Cape Verde 226-049 79/063
7064 22038-15094 N30°14' W79°35' Florida 016-039 80/234
7066 22312-15310 N28°46’ W85°39' Gulf Mexico 020-404 81/142
7067 30661-15303 N28°46' W85°39 Gulf Mexico 020-040 79/360
7072 31565-15595 N28°46' W91°25' Gulf Mexico 024-040 80/168
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TABLE 1b. Parts of images not analyzed and reasons. Line numbers and column numbers in one column constitute a set.
Reasons: A—Land or shallow ocean; B—Haze; C—Data missing or in error.

Case: 7013: Reasons not analyzed: Land and/or shallow ocean

Lines 1-700 701-1200 1201-1500 1501-2100 2101-2983
Columns 900-3548 1200-3548 1600-3548 1900--3548 1-3548
Case: 7025: Reasons not analyzed; Land and/or shallow ocean
Lines 1-2000 1-2983 2100-2983
Columns 1-950 2650-3548 750-2200

Case 7026: Reasons not analyzed: Land and/or shallow ocean '

Lines 1-1800
Columns 1-1200

Case: 7028: Reasons not analyzed: Land and/or shallow ocean
Lines 1-1200 1-2983 21002983
Columns 1-950 2650-3548 750-2200

Case 7029: Reasons not analyzed: Land and/or shallow ocean

Lines 1-1200 1~1500 1501-2983 2100-2983

Columns 1-700. 2400-3548 26003548 500-2100

Case: 7030: Reasons not anglyzed: Land and/or shallow ocean

Lines 1;2 19 407-749 1075-1277 1970-2340
Columns 1245-1700 934-1330 544-950 1-650

Case:7033 A A C C

Lines 1100-2250 2400-2679 880-930 2680-2800

Columns 1520-2200 200-700 1-3548 1-3548

Case: 7034: Reasons not analyzed: Land and/or shallow ocean

Lines 450-700

Columns 1500-1900

Case: 7035 Haze Haze Land or shallow ocean

Lines 2-1299 1300-2983 2640-2983 1980~2200 2420-2983
Columns 1-3548 2601-3548 1320-2200 1-200 2201-3543
Case: 7064: Reason—Haze

Lines 660-1500 1760-2983

Columns 2200-3548 140-3548

Case: 7066: Reason—Haze

Lines 1-1800

Columns 1-3548

Case: 7072 C B A

Lines 1-2983 1-220 1-880

Columns 1-1030 1320-1685 1686~-3548

to derive accurate cloud cover are well known (e.g.,
Wielicki and Welch 1986). In addition, we had a prob-
lem special to the use of LANDSAT 3 data, that is,
that there is no independent means available to test
the result of the analysis. In the case of LANDSAT 4
and 3, the thermal IR band is available to derive cloud
cover by the spatial coherence method, and a brightness
threshold may then be chosen in the bands located in

the solar spectral range to reproduce the same cloud
cover (Cahalan and Joseph 1989). The associated
cloud base temperature threshold compares favorably
with in situ measurements (Cahalan and Snider 1989).
If that is not possible, ad hoc statistics or climatological
assumptions have to be made (e.g., Welch and Wielicki
1986; Welch et al. 1988). We tried to develop for use
with LANDSAT 3, a method that would not depend
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on such ad hoc assumptions and could be tested against
others using LANDSAT 3 as well as LANDSAT 4 and
5 data. We compared four different methods for the
solar MSS bands of LANDSAT 3, 4 and 5 data. They
include the TRM method (Welch and Wielicki 1985).
Some of the results are shown in Table 2a (see also
Joseph 1986, 1987; Cahalan and Joseph 1989). In ad-
dition we also tested a Laplacian edge definition tech-
nique (Joseph 1986) which turned out not to be useful
for clouds.

The rationale behind the one that we decided to em-
ploy in the routine analysis, termed “bispectral iterative
method” or BIM, may be summarized in the following
way. It is usvally difficult to define a threshold from a
solar IR (MSS 7) or red band (MSS 6) alone using
either intensity histograms or cloudiness because the
cloudiness decreases monotonically with increasing
threshold without any sharp jumps or discontinuities—
e.g., see our Fig. 1b—and the histograms show no clear
valleys or changes of slope (Welch and Wielicki 1986;
Welch et al. 1988). The total number of clouds or the
number of clouds below a certain size close to the limit
of resolution do however show sharp changes even in
the red and solar IR bands—see our Figs. 1a,b for a
particular case. Second, even though the intensities of
any given single pixel in the various LANDSAT 3
bands are nominally proportional, this is not neces-
sarily so in practice for the very low intensities. How-
ever, this is exactly where we try to define a threshold
in any given band. Our approach therefore is bispectral,
based on both the cloudiness as well as on the number
of clouds in each band. The lower limit of brightness
for cloud pixels in each band is iteratively deduced by
starting with a threshold close to the maximum cloud
brightness and reducing it until the following conditions
are met simultaneously:

1) the total cloudiness begins to rapidly climb to
100 percent;

TABLE 2a. Typical sample comparison of all methods developed
for threshold determination and applied to LANDSAT 3 data [Case
7025] for detailed comparisons of all cases, see Joseph 1986).

PCP (1) BSH (2) WW (3) BIM 4)
MSS 4 555 50+2 57+4 59+2
MSS 7 2+1 2x2 2+2 242

(1) PCP: Probability of cloudy pixel. Calculation of probability of
pixel being cloudy in each band based on set of assumptions on
Gaussian shape of cloud and background histograms. Iterated between
bands for final results.

(2) BSH: Bispectral histograms. Removal of average non-cloud
background from bispectral histogram thru experimental determi-
nation of the latter in each case and band.

(3) WW (1986): Wielicki and Welch (1986). Single band deter-
mination of threshold based on ad-hoc assumptions.

(4) BIM: Bispectral iterative method. Method described in text
and adopted for analysis.
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FIG. 1. (a) Determination of the threshold using the cloud cover
and number of “small clouds” in band 4 of Case 7025. Threshold
selected 59. (b) Determination of the threshold using the cloud cover
and number of “small clouds” in band 7 of Case 7025. Threshold
selected 2.

2) the number of “small” sub-resolution clouds (less
than four pixels in area) starts to increase rapidly [ viz.
the noise level has been reached] and then drops to
one—the whole scene becomes one “cloud.”

We put the initial threshold in each band at one grey
level above the point at which the strong increases start.

Then the results in the two bands used, MSS 4 and
MSS 7 for LANDSAT 3, are intercompared and the
thresholds are iteratively and simultaneously adjusted
up or down by a few grey levels till the following con-
ditions are fulfilled:

(i) the total degree of cloud cover in all bands is
equal;

(ii) the total number of clouds is equal in all bands;

(iii) the locations of the cloud centers are identical
in all bands and the cloud outlines overlap.

The final thresholds adopted are image-dependent and
are given in Table 2b for all cases analyzed. To illustrate
our method, Figs. 1a,b show the number of “noise
clouds” (clouds of less than four pixels in area) versus
threshold, and the percentage of cloud cover versus the
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TABLE 2b. Location and thresholds for the LANDSAT 3 data.
Based on the BIM technique; the other methods give very similar
results.

Threshold Threshold

Case Location Band 4 Band 7

7013 Mediterranean west of 20 3
Israel

7024 Bahamas, Atlantic Ocean 21 3

7025 Straits of Florida 59 2

7026 Straits of Florida 21 3

7028 Straits of Florida 69 2

7029 Straits of Florida 65 2

7030 Okinawa, Pacific Ocean 43 3

7032 Marshall Islands, Pacific 82 7
Ocean

7033 Tuamotu Islands, Pacific 77 6
Ocean

7034 Cape Verde Islands, West 77 6
Africa

7035 Cape Verde Islands, West 81 7
Africa

7036 Cape Verde Islands, West 77 6
Africa

7060 Bahamas Islands, 22 3
Atlantic Ocean

7064 East of Florida, Atlantic 27 5
Ocean

7066 Guif of Mexico 24 5

7067 Gulf of Mexico 17 4

7072 Gulf of Mexico 43 10

threshold, and the percentage of cloud cover versus the
grey level threshold in Bands 4 and 7, respectively. The
threshold chosen in Band 4 (0.55 mm) is 59 and in
Band 7 (1.0 um) is 2. In both bands, the threshold is
just before the precipitous rise in the number of small
clouds as well as of that of the percentage of cloud
cover with decreasing threshold intensity in Band 4
(see Fig. 1a) indicating that the noise level of the data
has been reached. In Fig. 1a one can also see that soon
after the noise level has been reached, the number of
small clouds drops to zero because the whole scene
becomes one large cloud. In the TRM method (Welch
and Wielicki 1985), the threshold for cloud /no-cloud
discrimination is put 3 percent above the peak intensity
of the background. That particular, purely empirical
value, of the threshold does give identical results to
those obtained by our method in the present applica-
tion—viz. cumulus clouds over the ocean. In general,
such an empirical threshold will likely have to be de-
termined separately for each type of cloud over each
type of surface on the basis of accumulated statistics.
Any improvement in the value of the threshold factor
on the basis of new statistics might necessitate a re-
analysis of all the previous results. In a previous paper
(Cahalan and Joseph 1989), we show by direct appli-
cation of our method to LANDSAT 4 and 5 data over
sea, which include the thermal IR, that the degrees of
cloud cover derived by both the Welch and Wielicki
TRM and by our method are identical and compare
equally well to the thermal IR results. We may take as
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a further confirmation of the utility of our method that
in the a.m. paper, the size distribution parameters and
the fractal dimensions of the perimeters derived from
the LANDSAT 4 and S cloud data are found to be
identical to those found from the LANDSAT 3 data
under similar atmospheric conditions.

We would like to suggest the use of a multiband
approach, like our own, also for earth observation sat-
ellites other than LANDSAT 3 even when other in-
dependent experimental or statistical data are available
for calibration. It is just as good over sea as the other
well-tested method (TRM) and just as easy to apply.
In addition, it does not depend on any ad hoc as-
sumption which may have to be changed from case to
case and guarantees internally consistent, constraints
on the results of the analysis. The only other way to
verify the computer analysis as to the location, area,
number and shape of the clouds in a spectral image
would be by a laborious visual examination of the same
image on a scanning microdensitometer. The appli-
cation of any thresholding method over land is a dif-
ficult problem due to the spectral and spatial variation
in the albedos and will be considered in a subsequent
paper.

For the sake of brevity, we present the results of the
analysis in this paper in terms of one band only, usually
Band 4 (0.55 um). We must therefore first illustrate
the consistency of the results of the analysis in two
bands, MSS4 and MSS7. In Table 3, we show for sev-
eral parameters, the average over all cases of the ratio
of the difference between the results in Bands 4 and 7
to the average of Bands 4 and 7. The averaged and
normalized difference is never more than 3 percent.
Consequently, the data in Table 3 indicate that once
the thresholds are properly determined, one can safely
study the results in one band only.

The next step is the construction of a binary map
of “cloud” and “no-cloud” pixels and the definition
of a group of cloud pixels as a contiguous cloud. A
given pixel x;; (in row i and column ;) of a spectral
image is “cloudy” if it has a grey level or brightness
larger than the appropriate threshold value. Any con-
tiguous pixel, sharing an edge or a vertex, with a given
cloudy pixel is taken to be part of the same cloud.

TABLE 3. The average percentage difference between the results in
two bands of the analysis for several parameters. The numbers shown
are, for each parameter, the difference between the results from MSS
Band 4 and Band 7 of LANDSAT 3, divided by the average of the
two bands, and then averaged over the 15 available scenes. The values
given are in percent.

Parameter Percent difference
Cloud cover 1.5
K size distribution 3.1
b size distribution —2.6
n Weibull distribution -0.7
b Weibull distribution -2.4
a Weibull distribution -2.0
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A running set of two lines is scanned simultaneously,
so that during each scan, each interior pixel has four
neighbors: its left neighbor on the same line and its
three closest neighbors in the line above. Pixels on the
left margin have two neighbors; those on a right margin
have three. After each scan a set of clouds is defined
and each is numbered. When the next line down is
added to the set, the first line of the previous couple is
dropped and a new scan is started. Some of the clouds
in the database may then turn out to be connected
through pixels in the new line. This leads to a renum-
bering of the clouds in the database as well as a recom-
putation of the total number of clouds and reorgani-
zation of the cloud number set, dropping “empty”
clouds. This procedure is carried through till the bottom
of the image is reached.

Cloud perimeters are determined for each cloud by
adding the number of outside edges of pixels in the E-
W direction, Xi(i, j), times their length, Dx, to those
in the N-S direction, Y,(i, /), times the latters’ length,
Dy. The kth cloud thus has a perimeter Py given by

P = 2 [Xili, ) Ax + Yi(i, j) Ay) (1)

LJj

where X(i, j) is the number of east-west outside edges
of pixels of cloud k in row i and column j, Y,(i, j) is
the number of north-south outside edges of pixels of
cloud k in row i and column j and the sums are over
the relevant numbers of pixels for each cloud. All edges
abutting noncloud areas, including holes, are counted.
We do not take into account that both single perimeter
pixels and “non-cloud” pixels abutting on cloud pixels
may be partially cloudy. The determination of possible
partial cloudiness of single cloud or other pixels is im-
possible except by assumption, e.g., 50 percent cov-
erage. The assumption of 50 percent cloud cover for
perimeter pixels does not increase accuracy and may
lead to an underestimate of both perimeter and area
in particular for smaller clouds. On the other hand,
the fact that we do not smooth the serrated edges of
our clouds leads to a possible overestimate of perimeter
and area of about the same magnitude. As we have
shown in a previous section that the choice of the
threshold between cloud and noncloud pixels is inde-
terminate to about one or two gray levels and that the
gradient of the brightness near cloud edges is small, we
do not think it fruitful to make any correction for the
above effects.

The area of the kth cloud is simply defined as the
number of pixels connected to it multiplied by the area
of a single pixel

A= 2 Oli, j)AxAy

i

(2)

where

O(i, ) =1
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if the pixel at row i and column j is part of cloud &,
otherwise

Qk(i, j) = 0.

The center of a cloud is defined as its “center of
gravity” with respect to brightness, B. Therefore, the
mean, brightness-weighted, row coordinate of the cen-
ter of brightness of the kth cloud is

3 iBi(i, j)

e = . 3
= B ) )
L)

Similarly, the mean, brightness-weighted, column co-
ordinate of the kth cloud is

S jBili, J)

. = b 4
=SB ®
4

The calculation of nearest neighbor spacings (n.n.s.)
is based on the assumption that the location of a cloud
is defined by its center coordinates. Therefore the near-
est neighbor spacing between a cloud, k, and its many
neighbors, n, is (n.n.s.); where

(n.n.s.), = ming(Dyyi) = min, [({i )y — {iY)?
+ (U= UMW) (5)

If any two clouds are isolated and their nearest neighbor
spacings identical, they are counted only once in the
construction of the histogram. Single clouds less than
four pixels in area were not included in the construction
of the n.n.s. histograms.

This method of calculation seems justifiable to us
as the largest brightness gradients in any given cloud
image occur near its maxima of brightness.

3. The distribution of nearest neighbor (n.n.) spacing

The properties of individual clouds such as the size
distribution and the fractal dimension of the perimeters
are insufficient to specify the two-dimensional mor-
phology of a cloud field. We also need measures for
the relation of a cloud to its environment. As we em-
phasized in section 1, such properties are intimately
connected to the physical mechanisms responsible for
cloud formation and crucial in computation of the ra-
diative properties of the cloud fields.

When visually analyzing the spacings of clouds in
the images, one observes both single clouds and clus-
tered aggregates of single clouds which we define as
“cloud clumps”—both in a variety of sizes and sepa-
rations from each other. The clumps are groups of
closely gathered but clearly separated “small” clouds,
all of which are smaller than the effective radius at the
break in the slope of the size distribution or of the (log
perimeter, log area) relationship. Each of the single
larger clouds, when analyzed in detail, shows a complex
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topographical structure, and one gets the impression
that it is composed of a merged clump, or of a closely
packed aggregate, of the smaller clouds. All clouds typ-
ically show strong brightness gradients close to their
single or multiple brightness maxima and the rest of
the cloud area is much fainter. Similar results are de-
scribed elsewhere (e.g.,, Welch and Wielicki 1986;
Wielicki and Welch 1986; Welch et al. 1988).

The “nearest neighbor spacing” (n.n.s.) between
cloud brightness centers as defined in Eq. (5) is perhaps
the simplest measure of cloud—cloud interaction.
Clouds less than four pixels in area are excluded from
the analysis because it is difficult to be sure of their
proper identification as a separate cloud, especially
close to larger clouds. A visual example of the histogram
and distribution function of these n.n. spacings is given
in Fig. 2 for Band MSS 4 of Case 7025. The results are
almost identical to those for the other band analyzed,
just as we found for the size distributions and fractal
dimensions. The histogram is strongly peaked at a value
that varies slightly from scene to scene but is close to
0.5 km. Each data point represents a set of nearest
neighbor spacings that have a range equal to the width
of the interval between two successive points—a “bin.”
The width of a bin is about 50 meters; this is narrower
on the figure than the diameter of the points. The size
of the bin representing a subset of the data was deter-
mined by the wish to show the experimental shape of
the curve as clearly as possible without blackening the
figure with a very large. number of points. The standard
deviation of the nearest neighbor spacings in each bin
is less than the range. We therefore do not show any
error bars on our data in the figure. Initially we fitted
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our n.n. spacing data to log-normal distributions, as
these seemed to be a natural choice due both to the
shape of the histograms as well as to the common oc-
currence of that distribution in many studies of the
physical properties of clouds (e.g., Lopez 1977). As
may be seen in Fig. 2, the log-normal function fits the
data quite well, especially so in the tail of the histogram,
for n.n. spacings larger than about one kilometer.

Physically speaking, however, it is difficult to imagine
one single atmospheric process that governs the spacing
of small boundary layer clouds as well as that of large
irregular clouds and cloud clumps. The shape of our
size distributions indicates that the formation mech-
anism leads to the dominance of small clouds in terms
of number. The linear dependence of nearest neighbor
spacings on effective radii that we find (see the next
section) indicates that small clouds tend to be more
closely spaced than the larger ones. This agrees with
our impression, based on visual inspection of images,
that the small clouds often tend to be organized into
clumps. Finally, the larger clouds have a significantly
larger fractal dimension of the perimeters than the small
ones (Cahalan and Joseph 1989), which again points
to a different physical formation mechanism. All these
facts taken together seem to preclude a single physical
formation and areal distribution model. The single
lognormal distribution that we can fit to the data on
nearest neighbor spacings is therefore likely to be due
to the combination of two or more processes, some
acting on the smaller clouds and others acting to form
and space the large clouds and cloud clumps.

The planar distribution of both clouds and cloud
clusters in nonraining fair weather cumulus fields with
low-to-medium cloudiness frequently appears to be
close to random with independent spacings. As a first
trial to find a population rule, we therefore decided to
test if the nearest neighbor spacings are consistent with
cloud centers that are randomly and independently
distributed. This classical problem in statistics dates
back to attempts to decide whether telescopic obser-
vations of binary stars could be explained by random
coincidence. The following analysis is based on the
three-dimensional distribution of n.n. spacings derived
by Chandrasekhar (1943) from Hertz’s work in the
last century. We have adapted it to the planar case
because the cumulus cloud bases are all at approxi-
mately the same height in the atmosphere and there is
no chance of spurious nearest neighbors.

Let W (s)ds be the probability that in a system of

“independently and identically distributed points in the

plane, the location of the n.n. of any such point is in
an annulus (s, s + ds) around it, where s is the distance
from the center point. Then W (s) is the product of
two probabilites—the probability that there is no point
inside the circle of radius s,

1— f W(s")ds'
0
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and the probability that there is a point anywhere in
the annulus (s, s + ds). The latter, under the present
assumptions, is proportional simply to the area of the
annulus, 27sds, and to the average density of points,
n, in the plane. The combined probability is thus

Wi{s)ds = [1 - J: W(s’)ds’]27rnsds. (6)

After manipulation, one gets

d (W(s) W(s)

adlf RO\ RS 7

ds ( 27rns) 21rns( 2wns ()
which gives directly as a solution

W (s) = 2wans exp{—nns*} (8)

where g is an integration constant, equal to one.

Let us consider for a moment the distribution of the
n.n. spacings with respect to azimuth, ¢, in the plane
of the LANDSAT image. The (independent) proba-
bility that the randomly oriented vector s lies within
the azimuth angle range [¢, ¢ + do¢] is d¢/2x. Since
all azimuth angles ¢ of the vector s are equally probable
and are independent of s, the azimuth angle depen-
dence integrates out of our problem.

The probability that a n.n. spacing has an amplitude
s and lies within the annulus (s, 5 + ds) centered on
one of the cloud centers of brightness in the case of a
random distribution of the latters’ locations in the plane
of the LANDSAT image is thus W (s) as given by Eq.
(8). This probability distribution W (s)is a special case,
namely n = 1, of the Weibull distribution (Walpole
and Meyers 1978).

W(s)=as"exp[-b(n+1)], n=0. (9)

The Weibull distribution arises if one allows the prob-
ability of finding a cloud at a spacing s in the planar
annulus not to be independent: in other words, that
the conditional probability of finding a cloud at a spac-
ing s from a given cloud depends on s. For example,
if the conditional probability is a power law, s°, it has
been shown (Cahalan 1986 ) that one again gets a Wei-
bull distribution but with an effective power of

Tegg = 6 + 1. (10)

where 8 is a measure of the deviation from indepen-
dence [n. = 1] of the cloud centers’ location in the
plane. If § is negative, there is clumping (““attraction™),
if positive, there is “repulsion” between clouds. The
Weibull fit is shown on Fig. 2. It agrees well with the
n.n. spacing histograms for the spacings less than one
kilometer but deviates significantly from the data for
the larger spacings.

Integration of Eq. (9) from s to <o, gives the cu-
mulative probability, W*, of the n.n. spacing being
located between s and oo, which may be written
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* g4 = — po et D)
w (S’w)/[b(neff'{' 1)] exp(—bs ).

Solving for In(s), one gets

Inb 1
+
Herr + 1 Nesr + 1

W*
X 1n[~ln(m)] (11)

a linear relation with a slope of (ne + 1) — 1. Plotting
the experimental histogram in a form consonant with
this function by ranking the data from largest to small-
est and normalising by the number of n.n. spacings,
makes it possible to check if the n.n. spacings in the
plane are random-ng = 1 (or 6 = 0). In that case, we
have a slope

Ins = —

(ng+ 1)™' =0.5. (12a)

We have independent attractive clumping, é < 0, when
feee < 1 or the slope is

(e + 174 > 0.5; (12b)
or repulsion— ¢ > 0—when
(neg + 1) <0.5. (12¢)

The test is applied by observing whether or not the
LANDSAT data, plotted in the form of Eq. (11) deviate
from a straight line with the slope of 1/2.

We have tested the effectiveness of the above equa-
tion to detect a random independent distribution of
the locations of cloud centers by applying it to the cloud
spacings obtained in a numerical simulation of shallow
cumulus convection in the (x, z) plane by VanDelden
and Oerlemans (1982). Perturbations on a condition-
ally unstable lapse rate were inserted at randomly cho-
sen locations along the x-axis. The induced instabilities
led to the formation of cumulus clouds at random lo-
cations. Our analysis was carried out on the data for
the first two hours of the simulation when no organi-
zation of the cloud field had as yet taken place. Figure
3a shows that we in fact do get a straight line with a
slope of 1/2 indicating an independent distribution of
cloud centers. Our results for all LANDSAT 3 cases
are given in Table 4 in terms of the parameters of the
Weibull fits, a, b and #n.y. The parameter a is related
to the total number of spacings, b to the width of the
distribution. Both n.rand b are again remarkably sim-
ilar worldwide. This may be due to the occurrence of
similar conditions of convection at all locations at the
time of measurement—namely, of the midmorning
shallow fair weather cumulus type.

The average value and the standard deviation of the
power #eg of all the Weibull fits, combining all available
data, are 1.07 = 0.16 and for the parameter b, we have
2.18 £ 0.73. The average peak value, Smax, Of the his-
tograms is 0.47 £ 0.16 km. The data from the various
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Fi1G. 3a. Test of the independence of the n.n. spacings between
cloud centers applied to the results of a numerical simulation of
cloud formation at randomly chosen locations (VanDelden and
Oerlemans 1984). The slope of the fit is 0.49—in other words, the
power of the Weibull function is 1.04- which means that the distri-
bution of n.n. spacings is independent. The variance of the fit being
0.976, the test for independence of n.n.s. is thus validated.

locations are very similar. Therefore, we show typical
examples in Figs. 2 and 3b. It may be seen from these
figures that the Weibull function fit to the data is fairly
good up to a maximum value of the n.n. spacing of
about one kilometer. In order to emphasize this graph-
ically, we present MSS 4 data in Fig. 3b for Case 7024
with an amount of cloudiness of 33.1 percent. Super-
posed on the experimental data is the Weibull distri-
-bution function fitted to them with n.g = 1.27 + 0.05
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FIG. 3b. Test of the independence of n.n. spacing between cloud
centers for bands MSS 4 in case 7024 with a cloud cover of 33.1
percent. The variable s is the nearest neighbor spacing. The inde-
pendent variable on the Figure is that of Eq. 11 in the text. The power
of the Weibull fit is 1.27 % 0.05 and therefore the slope of the straight
line fit to the data is 1/2.27. Note the strong deviation of the data
from both the linear fit and from a slope of one-half for n.n. spacings
larger than one km.
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TABLE 4. Parameters for the Weibull fit to nearest neighbor spac-
ings, averaged over the two bands used, dN/ds = ashy exp(—bsher
+ 1). For difference between bands see Table 3a; for locations-—see
Tables 1 or 2b.

Case g b a Noise”
7013 1.53 1.79 222 0.37*
7024 1.27 2.24 471 0.11
7025 1.21 2.37 1453 0.12
7026 1.04 1.66 546 0.08
7028 1.13 1.84 497 0.07
7029 .33 2.52 942 0.09
7030 1.21 1.08 642 0.17
7033 0.87 1.39 353 0.05
7034 1.11 2.07 230 0.03
7035 0.85 1.82 144 0.04
7036 0.87 1.81 74 0.04
7060 1.26 2.10 1277 0.13
7064 1.09 2.31 519 0.05
7066 1.49 2.10 4300 0.39*
7067 1.00 4.26 719 0.07
7072 1.12 1.82 91 0.02

* Noise fraction of cloud pixels.

* Note the high values of the power rn.g for the cases with noise
above 0.10 percent, especially for the very noisy cases 7013 and 7066.
The value of g for the quiet case—noise fraction less than 0.10—
is 1.04 + 0.185, indicating behavior close to random.

in the form of Eq. (11). The Weibull distribution fits
fairly well for n.n. spacings less than about 1 km but
increases much less rapidly than the data with increas-
ing n.n. spacing for values of the latter above 1 km.
The fact that the slope of the data points for the large
clouds is significantly larger than one-half suggests that
an “‘attractive” mechanism is active for these clouds
and a Weibull distribution is not useful to describe the
data in that size region.

4. The relationship between effective cloud radius and
nearest neighbor spacing

We investigated the relationship between the two
basic single cloud parameters described here—the ef-
fective radius, r., and the n.n. spacing, s, which con-
stitute a unique pair for each cloud. We found that in
all cases, the experimental n.n. spacings depend linearly
on the effective radii, i.e.,

s = Cr,. (13)
The proportionality factor, C, however, varies between
5 and 20 from case to case, without a clear dependence
on any other parameter. The linear dependence in each
case holds for all values of the effective radius up to
and including the largest ones. Figure 4 shows a typical
example of these relationships. The fit is very good up
to an effective radius of about 500 meters, which is
very close to the radius at which the break in the slope
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N.N. Spacing in km

Reff, meters

FIG. 4. The linear proportionality of the n.n. spacing and the ef-
fective radius—Case 7024. The least squares best fit, with a correlation
coefficient of 0.97 is:

n.n.s. [km] = —0.38 + 1674 [km].

of the size distribution occurs in this case—viz. 0.46
km. However, the correlation of the fit using all data,
including the large clouds, is still 0.97. Physically, the
linear dependence of the n.n. spacing on the effective
radius may mean that each individual small shallow
nonraining fair weather cumulus cloud forms inside
an independent bubble or volume in a horizontally
homogenuous atmosphere and interacts only weakly
with its neighbors. The upper limit on the horizontal
size of the small clouds, presumably formed by bound-
ary layer processes, is determined by the boundary layer
thickness since the aspect ratio of nonraining fair
weather cumulus clouds in the morning hours is close
to one (e.g., Plank 1969; Gagin 1984, private com-
munication ). Furthermore, the visible area of such a
cloud depends on the amount of water vapor accessible
to the convective convergence pattern in which it forms
and thus is proportional to the area of its “living space,”
which we assume to be roughly proportional to ws2.
The linear dependence of the nearest neighbor spacing
on the effective cloud radius that we find may reflect
this dependence on the available water vapor. The size
distribution of the “small” clouds—those between four
pixels and the break in the slope of the size and other
distributions—is thus determined by the stability, the
water vapor content and the dynamical regime in the
boundary layer. The upper limit on the horizontal size
of the small clouds is probably related to the boundary
layer thickness. The large clouds—those larger than
the break in the slope of the size and other distribu-
tions—should show the same proportionality since they
seem to be aggregates of smaller clouds, each, roughly
speaking, bringing its own “living space” to the union.
The linear relation between n.n. spacing and effective
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cloud radius is also an indication that the smaller clouds
tend to be closer together than the larger ones.

5. Discussion and summary

This study presents the results of an experimental
study, using LANDSAT 3 MSS data, of the statistical
distribution of nearest neighbor (n.n.) spacings of mid-
morning fair weather cumulus cloud fields at 15 lo-
cations spread over most of the world’s oceans. Ob-
taining environmental cloud properties like the nearest
neighbor spacing is the next step in the description of
the complex morphology of cumulus cloud fields be-
yond the single cloud properties that we and other au-
thors focused on in previous studies. Nonraining fair
weather cumulus clouds are typical of large areas of
the tropical and subtropical ocean and land areas.
Therefore, they are of intrinsic interest in many fields
of the atmospheric sciences. The statistical description
of these cloud fields will be useful in studies of such
topics as shallow moist convection, the radiative bal-
ance of the cloudy climate system, the remote sensing
of atmospheric and surface properties in the presence
of clouds and the parameterization of boundary layer
fluxes in climate models.

The interesting common features, reported upon
previously (Cahalan and Joseph 1989) of the size dis-
tributions and fractal dimensions of fair weather cu-
mulus cloud fields at widely different locations, exist
also for the nearest neighbor spacings and for their de-
pendence on the effective radii. Because, nonprecipi-
tating fair weather cumulus clouds usually have aspect
ratios of about one from early morning till late after-
noon (e.g., Plank 1969; Gagin 1984, private commu-
nication ), the breaks in the slopes of our experimental
cloud radii histograms and the change in the fractal
dimension of the perimeters, both at about 500 meters,
may have a causal link to the depth of the turbulent
boundary layer. A formation mechanism for the small
clouds must be consistent with the fractal dimension
of their perimeters, which is close to 4/3 (Hentschel
and Proccaccia 1984; Cahalan and Joseph 1989).

The effective cloud radii and the associated nearest
neighbor spacings are found to be always linearly de-
pendent. This means, in our opinion, that the small
fair weather cumulus clouds sampled in our study de-
velop fairly independently of one another and that they
tend to be much closer to one another, in comparison
with the larger ones.

Testing for independence of the nearest neighbor
spacings by fitting their histograms to a Weibull dis-
tribution and looking for slopes of 1/2 in diagrams
like those in Figs. 2 and 3a, shows that, for n.n. spacings
less than about 1 km and associated with clouds having
radii less than a few hundred meters, the distribution
in the horizontal plane of the centers of clouds is close
to independent. For nearest neighbor spacings larger
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than 1 km, which are associated with the larger clouds,
the actual n.n. spacing histogram falls off significantly
more slowly than the Weibull fit with increasing n.n.
spacing as shown in Figs. 2 and 3a. This means that
in order to explain the clumps of small clouds, the
large clouds and the spacings between these two features
of the cloud field, one must invoke other mechanisms
than random, independent formation. These must in-
clude the capability of merging the small clouds in some
of the clumps to make a large cloud. The spacings be-
tween cloud clumps and large clouds cannot be as-
sumed to be independent of one another. Qualitative
corroborative evidence for these conclusions comes also
from our visual study of individual brightness maps
for the small [7 < ryeax] and large [7 > Fyrea] clouds.
These indicate that the smaller clouds—those with the
smaller slopes of the size distribution, a smaller fractal
dimension, and showing a nearly random and inde-
pendent spacing of their centers—have only one max-
imum of brightness, and do frequently appear in
clumps. The larger clouds have at least two maxima
of brightness, usually look like merged small clouds
and have a very complex shape. In summary, the
smaller clouds’ formation is probably controlled by
small-scale turbulence in the boundary layer, that of
the larger clouds by mergers of small clouds and other
dynamical processes in the free atmosphere.

Further work needs to be done on the morphology
of fair weather cumulus cloud fields. Discrimination
techniques could be applied to parameters such as
cloud perimeters, area and spacing to objectively sep-
arate the size classes. It would be very interesting to
extend the availability of LANDSAT-type data to other
times of day in order to study the time variation of the
Cumulus cloud field parameters (¢.g., see Plank 1969).
In addition, it is important to extend the lower limit
of resolution of the LANDSAT data in order to ascer-
tain the behavior of very small clouds. These aims
might be attained by analysis of imagery from other
similar satellites or from aircraft-based instrumenta-
tion. Another important topic for climate modeling
will be to determine relationships between satellite-es-
timated cloud brightness, in situ measurements of
cloud liquid water and the water vapor field.
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